A simple fiber sensor for magnetic field measurement based on nanoparticle Fe 3 O 4 magnetic fluid and relative Fresnel reflection is presented. The sensor includes only a light source, three couplers, two photodetectors, and two fiber sensing ends. Magnetic fields at different concentrations of magnetic fluid are measured. Magnetic fluid with high concentration can be used for the measurement of weak magnetic fields, while low concentration fluid is used for the measurement of strong magnetic fields. The temperature dependence of the sensor is also addressed.
Optical fiber magnetic/current field sensors offer a number of advantages over conventional electrical sensors. Because of their electromagnetic immunity, small size, corrosion resistance, and remote sensing capability, they are ideally suited to severe conditions. Most research has been based on bulk magnetostrictive materials [1, 2] and magneto-optical crystal [3, 4] ; there are few investigations using magnetic fluid as a sensing element.
A magnetic fluid is a kind of stable colloidal dispersion of finely divided single-domain ferromagnetic nanoparticles in a suitable liquid carrier that shows controllable rheological characteristics under an applied electromagnetic field [5] . Important applications include magnetic fluid sensors, such as the magnetic fluid tilt sensor [6] , the sensor for very low gas flow rate measurement [7] , the capacitive transducer [8] , and the magnetic field sensor [9, 10] . It has been discovered that the magnetic particles will cluster when the applied electromagnetic field is increased to a certain value, resulting in the variation of the magnetic fluid's refractive index [11, 12] .
In this Letter, a fiber magnetic-field sensor based on nanoparticle magnetic fluid and relative Fresnel reflection has been investigated theoretically and experimentally.
It is well known that two major physical energies are important for the formation of particle columns in magnetic fluid under an external magnetic field: one is the thermal energy of particles and the other is the magnetic energy of particles. The refractive index of magnetic fluid n MF can be described with the Langevin function [13] 
for H > H c;n ;
where H c;n is the critical field intensity when the n MF begins to change. n b is the refractive index of the magnetic fluid under fields lower than H c;n that depends on the type of carrier liquid and the concentration of magnetic fluid. n s denotes the saturated value of the refractive index of the magnetic fluid. H is the field intensity in oersteds, T is the temperature of the fluid, and α represents the fitting parameter. From Eq. (1), it can be seen that the magnetic fluid's refractive index will increase when the magnetic field is increasing. Therefore, the magnetic field can be determined by measuring the changes in the refractive index. The experiment setup for the fiber-optic sensor is sketched in Fig. 1 . It consists of a light source, three single-mode fused couplers, two photodetectors (PDs), and two optical fibers with sensing ends. The light source is a diode laser source operated at a wavelength of 1550 nm in the experiment. Split ratios of Coupler 1, 2, and 3 are all 50∶50. The fiber sensing ends, which are placed into standard telecommunication ferrules with a diameter of 2:5 mm for protection and ease of cleaning, are vertically planar surfaces. All fibers used are Corning SMF-28 fibers. The light sent from the diode source is first split into two beams (Beams 1 and 2, shown in are, respectively, detected by PD 1 and PD 2 after crossing Coupler 1 or 2 again, as shown in Fig. 1 . The intensity I 1 received by PD 1 can be calculated by the Fresnel formula [14] :
Likewise, the reference light from Coupler 2 passes a fiber end and is reflected by the fiber-air interface. The reflected intensity I 2 is detected by PD2 and is given by
Here I 0 is the output intensity of the light source, and n f and n 0 are, respectively, the effective index of the singlemode fiber and air. k MF ¼ α MF λ=4π is the extinction coefficient of the magnetic fluid. It can be calculated from the absorption coefficient α MF ¼ 120 cm −1 of magnetic fluid at a 1550 nm wavelength [15] .
, and k 0 3 are the transmittances of the bar state or cross state of Couplers 1, 2, and 3, respectively. From Eqs. (2) and (3), one obtains relative reflective intensity R as follows:
where
only determined by the split ratios of the couplers. When the probe fiber is also exposed to the air environment, n MF is equal to n 0 and k MF is close to zero. From Eq. (4), one obtains
Therefore, K can be measured directly in the setup, avoiding the inconvenience of transmittance measurement and calculation. From Eq. (4), one obtains
(1) and (5), the magnetic filed intensity H can be calculated from the measurement of n MF or R.
It should be noted that the particles will aggregate into clusters along the direction of the field when a magnetic fluid is subjected to an external magnetic field. Thus, the magnetic fluid becomes optically anisotropic, and the optic axis is parallel to the direction of the magnetic field. If the external magnetic field is applied parallel to the propagation direction of light, the propagation direction of light is parallel to the optic axis. Therefore, the refractive indices of the magnetic fluid for p-polarized and s-polarized light are the same. Thus the sensor is not sensitive to the polarization of the incident beam in this case.
The magnetic fluid used in our study is water-based Fe 3 O 4 nanoparticles fabricated by the chemical coprecipitation technique. The average diameter of the magnetic nanoparticles is 12 nm and their volume fraction in the original magnetic fluid is 7.9%. To validate the technique, experiments are performed with the two-channel fiber sensor shown in Fig. 1 . One of the fiber sensing ends is immersed in the magnetic fluid, and the magnetic field is applied on the magnetic fluid with an electromagnet. The external magnetic field is parallel to the propagation direction of light. In the experiment, we use a Gauss meter (with resolution of 0:1 Oe) as an independent standard method to calibrate the magnetic field intensity versus electric current over the measurement range. From the calibration, the electric current has a good linear fit to the magnetic field intensity with R 2 ¼ 0:9993. We use deionized water to dilute the original magnetic fluid, and Fig. 2 shows the dependence of refractive index of the magnetic fluid on its concentration C without a magnetic field. From Fig. 2 , we can see that the refractive index of the magnetic fluid increases linearly with concentration C, and the linear fit is in very good agreement with the experimental data with values of R 2 ¼ 0:9972. Figure 3 shows the refractive index versus the magnetic field at two different concentrations of the magnetic fluid at a temperature of 20°C. The experiment also indicates that the response time for ferromagnetic nanoparticles to become stable under each magnetic field is of the order of seconds, due to the oscillations of the ferromagnetic nanoparticles and liquid columns [16] . Therefore, the sensor is suitable only for DC readings. In the experiment, every refractive index under each magnetic field is measured 50 times. Each error bar represents the error range of each group of 50 measurement data. From Fig. 3 , one can see that the measurement error/fluctuation of the refractive index becomes large for H > 350 Oe at the concentration of C ¼ 25%, while the refractive index of the fluid changes very little for H < 300 Oe at C ¼ 16:7%. This reveals that magnetic fluid with high concentration can be used for the measurement of weak magnetic fields, while low concentration can be used for the measurement of strong magnetic fields. It can also be seen that the experiment results are in good agreement with the theoretical results of Eq. (1), for weak magnetic fields from 0 to 300 Oe at C ¼ 25% and for strong magnetic fields from 400 to 600 Oe at C ¼ 16:7%. Meanwhile, we use the cubic polynomial function to fit the measured data, and it can be seen that the fitting is in very good agreement with the whole range of experimental data with the values of R 2 ¼ 0:9975 and R 2 ¼ 0:9936. The maximum error between the measurement data and the cubic polynomial function is only AE2:11 Oe. As it can cover the whole range of experimental data very well, the cubic polynomial function is used for magnetic field measurements.
To investigate the repeatability of the technique, the refractive index versus magnetic field in upward and downward rounds are measured by the setup. The inset of Fig. 3 display the measured results of the sensor's repeatability, and the squares and circles represent the measured data in upward and downward rounds at C ¼ 25%, respectively. From the inset, it can be seen that the repeatability of the sensor is good. This phenomenon can be attributed to the super paramagnetic characteristic of the ferromagnetic particles.
To evaluate the influence of temperature on the accuracy of the sensor, the refractive indices of the magnetic fluid at different temperatures without a magnetic field are measured and shown in Fig. 4 . From Figs. 4 and 3 , the temperature influence is estimated to be 1:556 Oe=°C. To compensate for temperature variation, one can immerse the reference fiber end into the same magnetic fluid without a magnetic field because of very similar thermo-optic coefficients of the two magnetic fluids.
In conclusion, a fiber-optic sensor based on nanoparticles magnetic fluid and a two-channel Fresnelreflection technique for the measurement of magnetic field is proposed in this letter. The feasibility of the proposed idea is proved by the measurements of refractive indices of magnetic fluids with different concentrations and different magnetic fields. Both the repeatability and the temperature dependence of the sensor are investigated. This technique can effectively eliminate the errors resulting from the fluctuation of light sources and the influence of the environment. The sensor has the potential capability of on-line and remote magnetic field sensing.
The accuracy of the sensor is affected by the concentration and the temperature of the magnetic fluid. The surfactant doped in the fluid may also have some influence on the accuracy of the sensor. Therefore, those factors should be optimized. 
